The Xenopus laevis BMP-4 gene shows an evolutionary conserved structure containing two coding exons and a leader exon. The transcripts which are detected after zygotic activation of the gene in ventral mesoderm of late blastula stage embryos do either contain the leader exon or begin within the first intron. Luciferase reporter/promoter studies revealed multiple elements being required for the activation and for the spatial control of transcription. These elements are located within the upstream region and within the second intron and they interact with a most proximal located basal promoter being indispensable for transcriptional activation. The auto-activatory capacity of BMP-4 is mediated by several enhancer elements being responsive not only to BMP-4 but also to BMP-2 signaling. BMP-2 might thus function as a natural activator of the BMP-4 gene in the early embryo. Since reporter activity obtained with distinct BMP-2/4 responsive promoter deletion mutants is simultaneously inhibited by the dominant negative BMP receptor as well as by chordin, we suggest that down-regulation of the BMP-4 gene by chordin results from an interference with the auto-regulatory loop at the level of proteinprotein interactions.
Introduction
BMP-4 belongs to the class of bone morphogenetic proteins (BMPs) which are members of the TGF-b superfamily. Originally found in the search of bone inducing substances, it has turned out that these evolutionary conserved growth factors play important roles in early and late embryogenesis of all higher eucaryotic organisms (for review see Hogan, 1996) . The Drosophila gene decapentaplegic (dpp) which is regarded as the homologue to vertebrate BMP-2/4 is required for dorso/ventral patterning of the embryo (Irish and Gelbart, 1987) . It is transcribed in the dorsal half of the blastoderm stage embryo and specifies, like a morphogen, positional information in a concentration dependent manner (Ferguson and Anderson, 1992; Wharton et al., 1993) . Apart from the reversal of the dorso/ventral axis from invertebrates to vertebrates, BMP-4 acts in vertebrates in a similar way as dpp in Drosophila (Holley et al., 1995; Jefferies and Brown, 1995; De Robertis and Sasai, 1996) . In Xenopus, a ventral to dorsal declining activity gradient is required for the proper formation of distinct mesodermal tissues and to pattern gene expression along the marginal zone in the early gastrula stage embryo (Dosch et al., 1997) . BMP-4 activity peaks at the ventral side and is blocked at the dorsal side by the organizer which secretes antagonizing molecules like chordin (Piccolo et al., 1996) , noggin (Zimmerman et al., 1996) or follistatin (Fainsod et al., 1997) , that bind to BMPs and prevent BMP signaling. Xenopus chordin is regarded as the functional homologue of Drosophila short gastrulation (Francois et al., 1994; Schmidt et al., 1995a) . While ectopic overexpression of BMP-4 leads to completely ventralized embryos (Dale et al., 1992; Jones et al., 1992) , disruption of BMP signaling by a dominant negative BMP-4 receptor results in dorsalized embryos or even in the formation of a double axis (Graff et al., 1994; Suzuki et al., 1994) . Thus it is evident that BMP-4, in concert with its counter-effectors released by the organizer, is one of the key molecules in dorso/ventral axis formation in vertebrate embryos (for review see Graff, 1997) .
Homozygous mouse mutants lacking a functional BMP-4 gene die between 6.5 and 9.5 days p.c. and show little or no mesodermal differentiation (Winnier et al., 1995) . In view of the great biological importance of BMP-4 for vertebrate embryogenesis it is astonishing that nearly nothing is known about the early activation of this gene and about regulatory factors interacting with its promoter. Even more surprising, the promoter used for the early activation in Xenopus has not yet been defined. In the case of the mouse and human genes several untranslated leader exons have been reported which are differentially spliced in different tissues or cell lines (Kurihara et al., 1993; Feng et al., 1995; van den Wijngaard et al., 1996) . Whereas these results point towards selective utilization of different promoters, they do not directly address the problem of early BMP-4 gene activation within the ventral mesoderm. However, results obtained with the Drosophila system have shown that dorsal activation of the dpp gene at the blastoderm stage gives rise to transcripts containing a leader exon located most proximal to the coding exons (St. Johnston et al., 1990) , and that an interplay between multiple enhancer and silencer elements in the second intron defines the pattern of expression (Huang et al., 1993; Jackson and Hoffmann, 1994; Schwyter et al., 1995) . Repression in the ventral half is mediated by binding sites for the dorsal protein, the homologue of c-rel in vertebrates. But unlike in Drosophila, a Xenopus rel protein (Xrel) does not form a gradient which could account for repression of the BMP-4 gene in dorsal mesoderm (Kao and Hopwood, 1991; Bearer, 1994; Richardson et al., 1994; Suzuki et al., 1995) and overexpression experiments suggest that its role is unlikely to be involved in dorso/ventral development (Richardson et al., 1995) . While the function of other members of this protein family remains to be elucidated, at the present state it is rather unclear, how the BMP-4 gene is regulated during mesodermal patterning in vertebrate embryos. Interestingly, a previous study on noggin (Re'em-Kalma et al., 1995) and recent reports on zebrafish chordin (Hammerschmidt et al., 1996; Kishimoto et al., 1997; Schulte-Merker et al., 1997) provide evidence that noggin or chordin and BMP-4 are antagonistic not only at the protein but also at the transcriptional level, which might be either interpreted by a failure of the auto-regulatory capacity of BMP-4 (Jones et al., 1992) or by an additional yet unknown suppressory mechanism. To address these questions we have performed a sequence analysis of the Xenopus BMP-4 gene and could identify promoter elements being involved in transcriptional regulation. The general structure of the gene is similar to that of the dpp gene and those of the mouse and human BMP-4 genes, i.e. we have found a leader exon and two coding exons. Similar to the Drosophila embryo, the onset of zygotic transcription is characterized by utilization of a most proximal leader exon. Moreover, enhancer elements within the second intron efficiently contribute to transcriptional activation and direct expression of this gene to the ventral half of the Xenopus embryo.
Results

Gene structure and transcription initiation sites
Screening of two Xenopus genomic DNA libraries with a BMP-4 II cDNA (N2) led to the isolation of four corresponding genomic clones and of some additional clones containing the pseudo-allele BMP-4 I ((I2) Köster et al., 1991; (Xbr23) Nishimatsu et al., 1992) . Fig.  1A shows the genomic structure and Fig. 2 the nucleotide and amino acid sequences of the Xenopus BMP-4 II gene. It comprises two coding exons and one leader exon. The transcription start site was mapped by 5′ RACE (Fig. 1B) with RNA from embryos at gastrula and tadpole stages or from XTC cells by using two different primers (GSP1/GSP2) being located within the first coding exon. Cloning and sequence analysis of the visible bands from 5′ RACE led to the identification of two types of transcripts. The major band from gastrula RNA (tr1) accounts for an elongation of the cDNA at the 5′ end and defines the major transcription start site (indicated as +1 in Fig. 2 ). A few of the cloned sequences did not begin at this point but their 5′ end was scattered within a region of −30 to +21. This result could be confirmed by primer extension experiments (Fig. 1C) which revealed a major fragment according in length to position +1 and additional fragments being a few nucleotides longer or shorter, respectively. Therefore, the transcription start site seems not to be unique but shows some heterogeneity; this may be explained by the fact that the gene is not preceded by a canonical TATA box. Analyses of RNA from tadpoles and XTC cells led to the same results. A comparison of this major start site of transcription to those described for mammalian BMP-4 genes in more differentiated cells or cell lines (Kurihara et al., 1993; Feng et al., 1995; van den Wijngaard et al., 1996) reveals that transcription in Xenopus gastrula stage embryos starts at a position being upstream to a third leader exon as found in mouse and humans.
Unexpectedly, the largest band obtained with gastrula RNA (tr2) revealed a transcript which did not originate by use of more upstream located start sites, but contained a great part of intron 1 and was lacking the leader exon. Such transcripts have previously been described and were discussed in terms of splicing intermediates (Dale et al., 1992) . However, the distinct size of this fragment as well as a corresponding promoter analysis (see below) do now suggest that this transcript arises from a defined start point being located within the first intron. We thereby conclude that transcription of the Xenopus BMP-4 gene after midblastula transition leads to a major transcript utilizing exon I and a less abundant transcript starting within the first intron.
Promoter activity of the 5′ region
To analyze the promoter activity of the 5′ region we have generated a series of 5′ and 3′ deletion mutants which were 5′ RACE products obtained from gastrula (G), tadpole (T) or XTC cell (XTC) RNA after the second amplification step using a GSP-2 primer are shown. M represents a size marker (100-bp ladder (Gibco)); the 600-bp band shows a higher intensity. Sequence analysis of the bands denoted as tr1 and tr2 corresponds to the 5′ parts of transcripts as shown in (A). (C) Primer extension (P) using gastrula stage RNA and a reverse primer starting within the leader exon yields fragments of different lengths. The major band, denoted by an asterisk, corresponds by length to an adenine residue (position + 1, Fig. 2) . A, C, G and T refer to enzymatic dideoxy sequencing reactions using the extension primer.
fused to the luciferase reporter gene in the pGL3 basic vector (Promega). After injection of these constructs into both blastomeres of two-cell stage embryos the luciferase activity was monitored when embryos had developed until the end of gastrulation (stage 12.5; Nieuwkoop and Faber, 1975) . Fig. 3A shows that a 4876-bp fragment upstream to the gene and ending at position +54 actually exhibits strong promoter activity by stimulating reporter gene activity approximately 140-fold. Consecutive 5′ deletions of this fragment including the −255 mutant were still highly active; reporter gene activity was stimulated more than 100-fold. Between −255 and −69 we observed a gradual decrease showing distinct steps between −206/−156 and −116/−106.
The −69 and −42 deletions were not completely inactive but showed some residual activity. This most proximal region seems to be essential as was found with 3′ deletions of the −2122/ and −1052/+54 mutants (Fig. 3B ). While deletion of nucleotides from −18 to +54 already resulted in only 50% of reporter gene activity as compared with the original fragment, a deletion starting at −47 reduced reporter gene activity to less than 10%. We conclude that the most proximal region contains some indispensable sequence motifs being probably essential for the basal transcription complex. The temporal activation of the gene requires multiple elements; a major contribution is made by factors which interact with motifs being located within the −255 to −106 region. 
Spatial control of gene activation
The Xenopus BMP-4 gene is activated after midblastula transition in the ventro/lateral region of the marginal zone but shows no expression at the dorsal side of the blastula or gastrula stage embryo (Fainsod et al., 1994; Hemmati-Brivanlou and Thomsen, 1995; Schmidt et al., 1995b) . To analyze, whether the upstream region is sufficient to mimic this pattern or, at least, some ventral to dorsal preference, we have injected our constructs into the ventral or dorsal blastomeres of four-cell stage embryos. If individual promoter mutants contribute to the spatial control of transcription, we would expect a higher reporter gene activity after injection into ventral blastomeres and a reduced level after injection into dorsal blastomeres. As shown by the results in Fig. 4 we can demonstrate such a behavior for the −156 and all longer mutants, whereas dorsal or ventral injections of the −116 and −96 mutants lead to the same activities. Interestingly, a comparison of all mutants from −116 to −683 reveals a continuous increase of ventral reporter activity, whereas activities obtained after dorsal injections are nearly constant. Therefore, the activatory element located between −116 and −96 (or −106; see above) seems to bind a ubiquitous factor and stimulates transcription activation without any spatial preference. However, the nucleotide sequence between −255 and −116 must contain several elements which act as enhancers and confer to the spatial selectivity of gene expression.
BMP-4 auto-regulation
Since it is known that there is a positive auto-regulatory loop for BMP-4 expression (Jones et al., 1992) , we have investigated the influence of BMP-4 and of the dominant negative BMP-4 receptor on promoter/reporter constructs. Fig. 5 demonstrates that the −255 and the −206 mutants, but not the −156 and −116 mutants, show a significant increase in reporter activity after injection of BMP-4 RNA, while they are simultaneously down-regulated by the dominant negative receptor (DBMP-R). We performed dorsal injections with BMP-4 RNA and ventral injections with DBMP-R RNA, because this strategy allowed to control for the efficiency of translation by the developing ventralized or dorsalized phenotypes, respectively. It should be men- Fig. 3 . Promoter activity of the 5′ flanking region. Two-cell stage embryos were injected with 100 pg/blastomere of (A) 5′-and (B) 3′-deletion mutants of the upstream region fused to a luciferase reporter. All 5′ mutants end at position +54, while 3′ mutants start at position −1052, except for the 3′-1031 mutant which starts at position −2122. Embryos were collected at stage 12.5 and analyzed for luciferase activity. The pGL3-vector was injected for every batch of embryos as internal control and the fold induction values of luciferase activities were related to the vector value (set as 1-fold). Data presented are averaged from four to ten injection experiments per individual mutant. tioned, however, that ventral co-injections of BMP-4 RNA led to a comparable increase of fold induction values as dorsal injections. A significant stimulation of the −206 mutant was also obtained by injection of BMP-2 RNA. Furthermore, ectopic expression of chordin which is known to bind and inactivate BMP-4 yields a very similar result as obtained by blockage of BMP signaling. This finding suggests that the inhibition of BMP transcription by chordin (Hammerschmidt et al., 1996; Kishimoto et al., 1997; Schulte-Merker et al., 1997) can be attributed to the auto-regulatory loop. However, the −206 to −156 region is not the only one which responds to BMP signaling (see below).
Promoter activity of introns
Detection of transcripts starting within the first intron prompted us to analyze whether the corresponding upstream region within intron 1 is able to activate reporter gene expression. Moreover, the second intron in the Drosophila dpp gene has been reported to be sufficient to regulate transcription in the dorsal half of the blastoderm stage embryo (Huang et al., 1993; Schwyter et al., 1995) . Fig. 6 shows that an intron 1 fragment starting at the end of exon I and ending six nucleotides beyond the start site of transcription within the intron is capable of stimulating luciferase activity about 60-fold. From this result we conclude that the first intron exhibits promoter activity which might account in vivo for the synthesis of transcripts as shown in Fig. 1 (tr2) . Injection into dorsal or ventral blastomeres also demonstrates a ventral to dorsal polarity as had already been found for the upstream promoter. In contrast, the second intron does not contain any promoter activity as shown by the failure of reporter gene activation. However, fusion of intron 2 to the intron 1 promoter, to the basic promoter (−69) or to the −116 and −206 upstream deletions resulted in a dramatic increase in reporter activity. Stimulation observed with the latter two mutants was significantly higher than that obtained with the 2-kb upstream fragment. Fusion of intron 2 to the 2-kb upstream region still resulted in a 2-3-fold increase in reporter activity as compared with that of the 2-kb fragment alone (data not shown). Furthermore, the second intron contributes to the ventral/dorsal polarity when fused in front to the 5′ located −116/ + 54 fragment which by itself does not show any spatial preference (see Fig. 4 ). Thus, like in Drosophila, the second intron of the Xenopus BMP-4 gene contributes to the temporal and to the spatial control of gene regulation in the early embryo. Moreover, it contains additional elements being involved in the auto-regulatory loop, because it responds in a similar way as the upstream region to injections of RNAs encoding BMP-4, dominant negative BMP-4 receptor or chordin. The enhancer element(s) is(are) also responsive to BMP-2 which is not surprising in view of the fact that BMP-2 and BMP-4 can bind to the same receptor (Graff et al., 1994) . However, the activating potential of BMP-2 might represent an important mechanism in BMP-4 gene activation.
Discussion
The structural organization of the Xenopus BMP-4 gene resembles those of the Drosophila homologue dpp and mammalian BMP-4 genes; the gene contains two coding exons and, at least, one leader exon. Similar to the situation Fig. 5 . The 5′ promoter responds to the auto-regulatory loop. All RNA injection experiments were carried out with 20 pg/blastomere of indicated 5′ promoter deletion mutants. Chordin mRNA (1 ng) or dominant negative BMP-receptor (DBMP-R) mRNA (0.4 ng) were co-injected with individual promoter mutants into the two ventral blastomeres of four-cell stage embryos, whereas 0.4 ng BMP-4 or BMP-2 mRNA were co-injected into the two dorsal blastomeres. Embryos were collected at stage 12.5 and analyzed for luciferase activity. For each co-injection a certain number of embryos was allowed to develop until stage 30 to control for the phenotypes. Data presented are averaged from two to five experiments.
in Drosophila, a most proximal leader exon is used at the onset of zygotic transcription in ventral mesoderm of Xenopus embryos. An additional transcript was found to start within the first intron. Since it is no longer present at later stages of development or in transformed cell lines, a maternal origin cannot be excluded. The Xenopus BMP-4 gene is weakly transcribed in oocytes and transcripts may well persist to the gastrula stage. The transcript containing part of the intervening sequence had already been isolated as a cDNA (Dale et al., 1992) and discussed in terms of a splicing intermediate. However, the promoter activity of intron 1 as demonstrated in the present study suggests that it arises by alternative promoter usage and that this promoter should be activated after midblastula transition.
Since additional leader exons have been reported for mammalian BMP-4 genes (Kurihara et al., 1993; Feng et al., 1995; van den Wijngaard et al., 1996) , we have spend considerable efforts in identifying such exons also in Xenopus. Internal annealing of the 5′ anchor primer might represent a possible pitfall in using the RACE technology. However, all data obtained from primer extension experiments (Fig. 1C ) and S1 mapping (data not shown) fully agree with the 5′ RACE results. Moreover, if additional leader exons exist, one should expect a splice process utilizing the AG in position 20/21 which has been reported as conserved intron/exon boundary in mice and humans. In Xenopus, instead, we find a 5′ extension of the leader exon into a region which acts as an intervening sequence in the corresponding mammalian genes. Therefore, promoter usage in Xenopus gastrula stage embryos seems to be more similar to the situation in Drosophila, where a most proximal leader exon of the dpp gene is recruited in early embryogenesis (St. Johnston et al., 1990 ). While we cannot exclude the existence of additional exons which might be used in differentiated tissues in the context of alternative promoters, we here show that the most abundant transcript at the onset of zygotic transcription in Xenopus is derived from three exons and that a less abundant transcript initiates within the first intron.
Promoter activity of the upstream region was investigated by various deletion mutants fused to the luciferase reporter gene. The continuous decrease of reporter gene activity presented in Fig. 3 suggests the existence of multiple elements which contribute to transcriptional activation. Amongst them, the rather proximal located regions −206 to −156 Fig. 6 . Regulatory capacity and promoter analysis of introns. Embryos were injected with 100 pg DNA/blastomere at the two-cell stage or with 20 pg DNA/ dorsal or ventral blastomeres at the four-cell stage. Embryos were collected at stage 12.5 and analyzed for luciferase activity (fold induction as compared with the vector) for intron 1, intron 2 and intron 2 fusion constructs. RNA co-injection experiments were performed with four-cell stage embryos. Chordin RNA (1 ng) or dominant negative BMP receptor (DBMP-R) RNA (0.4 ng) were co-injected with indicated DNA constructs into the two ventral blastomeres, 0.4 ng BMP-2 or BMP-4 RNA were co-injected into the two dorsal blastomeres.
and −116 to −106 seem to be of special importance, because we observe a significant reduction with corresponding deletion mutants. A comparison of the results obtained from 5′ and 3′ deletion mutants clearly demonstrates the existence of a basal promoter which is almost inactive by itself but is required for transcriptional activation. This view is further supported by a fusion of this basal promoter to intron 2. In this case we observe a dramatic stimulation of reporter gene activity. Although this intron does not exhibit any promoter activity per se, it must contain enhancer element(s) which efficiently contribute(s) to transcriptional activation. Since the wild type gene is expressed in ventral and lateral but not in dorsal mesoderm (Fainsod et al., 1994; Hemmati-Brivanlou and Thomsen, 1995; Schmidt et al., 1995b) , we have also investigated the spatial behavior of promoter activity after injection into ventral or dorsal blastomeres of four-cell stage embryos. Although this approach cannot account for the exact spatial pattern as observed in vivo, it yields a first insight into the control of spatial regulation. Obviously, a ventral to dorsal preference is mediated by several elements located in the 5′ region upstream to −116, but again, a most significant contribution is made by the second intron. Thus, like in Drosophila, the second intron together with the basal promoter seems to be the major source of regulatory elements being essential for the spatial activation of this gene at the onset of zygotic transcription. But, unlike in Drosophila, the 5′ region is also involved in this process, because it exhibits activating properties with ventral preference. Fusion of the −2 kb region/intron 2 to a luciferase reporter with subsequent injection into four-cell stage embryos revealed an expression pattern which was not distinguishable from that of BMP-4 transcripts (data not shown). A very important question in this context is whether local activation results from localized activators or whether ubiquitous activators are counter-acted by dorsally localized repressors. We here show that transcriptional activation by the auto-regulatory loop is an essential component in BMP-4 expression and that this loop is induced not only by BMP-4 but also by BMP-2. At least in case of the −206 to −156 region it is evident that both the −255 and −206 mutants being responsive to BMP-2/4 are inhibited by the dominant negative BMP receptor as well as by chordin, whereas the activities of the −156 and −116 mutants remain unaffected. Therefore, it seems plausible that BMP-2 protein being translated from maternal transcripts and being present in the blastula stage embryo (Shoda et al., 1993 ; our own unpublished observations) serves as an activator, whereas a separate dorsal inducing pathway leads to expression of dorsalizing signals like chordin, noggin or follistatin which are known to bind and sequester BMPs and thereby prevent BMP signaling. Reported inactivation of BMP-4 transcription by chordin (Hammerschmidt et al., 1996; Kishimoto et al., 1997; Schulte-Merker et al., 1997) can now be aligned to the auto-regulatory loop which should be inhibited by the already known protein-protein interaction (Piccolo et al., 1996) . While such a model would nicely fit with presented data, we definitely expect the regulatory mechanisms for the spatial activation of BMP-4 gene after the onset of zygotic transcription to be more complex. Although members of the rel protein family identified so far in Xenopus have not yet been implicated in BMP-4 expression, we have found that co-injection of mouse relB RNA (Ryseck et al., 1992) with a promoter/reporter construct leads to a significant reduction of reporter activity (data not shown). Therefore, it cannot be excluded that distinct members of the rel family may participate as transcriptional regulators in BMP-4 gene transcription like that found for the dorsal (dl) protein in Drosophila which is intrinsically an activator but is converted to a repressor by the interaction with a co-repressor (Jiang et al., 1993; Kirov et al., 1993; Huang et al., 1995; Dubnicoff et al., 1997) . Furthermore, reporter activation observed with the −116 promoter deletion mutant is independent from the auto-regulatory loop, because it does not respond to BMP signaling. We would therefore expect additional mechanisms which contribute to the spatial activation of this gene at late blastula stage in the Xenopus embryo. Further dissection of promoter/enhancer elements as presented in this study in combination with an analysis of DNA/protein interactions should prove to be suitable tools to gain additional insights into the regulation of the BMP-4 gene in the early vertebrate embryo.
Experimental procedures
Isolation of genomic clones
Two genomic libraries were screened using a BMP-4 cDNA as a labeled probe . This led to the isolation of four overlapping genomic clones (lXB, l26, l20, T11) containing the BMP-4 gene. Sub-clonings were done according to standard procedures and sequencing was performed with fluorescent labeled dye terminators using an ABI 377 sequencer. The complete nucleotide sequence from −2000 to +6000 is deposited under EMBL accession number AJ005076.
5′ RACE/primer extension
Total RNA was isolated from XTC cells and from embryos at the gastrula and tadpole stage. 1 mg of each RNA was used as template in the 5′ RACE system (Version 2.0/GIBCO BRL). cDNAs were prepared by using the antisense oligonucleotide GSP1 (5′-GCCTGTACAGGTCGC-GCATATACGC-3′; position +1088), tailed by poly(dC) and amplified by PCR using the internal primer GSP2 (5′-GAACATCTGCAGCAGCGTCACCTCG-3′; position +1018) and the abridged anchor primer (GIBCO BRL).
The PCR products were separated by agarose electrophoresis, cloned and sequenced. Primer extension was carried out with reverse transcriptase (Superscript plus; GIBCO BRL), 25 mg of total RNA from gastrula stage embryos and a 32 P-labeled primer (5′-CAGTCCATGATTCTTGA-CAGCCAATCTTG-3′; position +123) which was also used for dideoxy sequencing reactions.
Promoter deletion mutants
All deletion mutants were created by PCR using DNA of phage lXB as template. For the D5′ mutants the reverse 3′ primer (5′-CGCAGTTTGCAGATGATACTAAGGAAC-TGGCTC-3′) starts at position +54, the forward primer for the D3′ mutants starts at −1052 (5′-GACAGGAATGTG-TGTCCAGTAG-3′) or, for the −1031 mutant, at −2122 (5′-ACTTCTGTAAATCATATGCAGT-3′). All other primers are indicated below. To facilitate the directed cloning into the luciferase pGL3 basic vector (Promega), the forward primers were 5′ elongated with a restriction site for Bam HI and all reverse primers with one for Hind III. To check for promoter activities of the first and second intron the following primers were used for PCR amplification.
Intron 1 forward (+149): 5′-GTGAGTAGACTT-TCTGTTCCTC-3′; reverse (+412): 5′-GTTGCTAAA-GAACTACAACAC-3′. Intron 2 forward (+1195): 5′-GTAGCCGCACTCCATTCT-3′; reverse (+3474): 5′-GAGATTTCTTAACTCCAC-3′.
The isolated PCR fragments were sub-cloned into the pGL3 basic vector in front of the luciferase reporter gene or upstream to the D5′ deletion mutants −69, −116 or −206.
Preparation of RNAs
BMP-4 , BMP-2 , chordin (Sasai et al., 1994) and dominant negative BMP receptor (Graff et al., 1994) cDNAs were cloned into the globin cassette vector pSP64 T3. RNA was in vitro transcribed using SP6 cap scribe kit (Boehringer-Mannheim).
Embryo injections
5′ promoter deletion mutants and 3′ promoter deletion mutants were injected at 100 pg/blastomere into two-cell stage embryos or at 20 pg/blastomere into four-cell stage embryos into the dorsal or into the ventral blastomeres. When indicated, RNA was co-injected into individual blastomeres. Embryos were collected at stage 12.5 (staging according to Nieuwkoop and Faber, 1975) and deep frozen in liquid nitrogen.
Luciferase assay
Embryos injected with luciferase reporter constructs were homogenized in 1× lysis buffer (Promega) using 30 ml buffer per embryo. Samples were left on ice for 10 min followed by a 5-min centrifugation (10 000 rev/min) at 4°C to pellet debris. Luciferase assays were performed with 90 ml lysate (three embryo equivalents) and with 30 ml luciferase substrate (Promega) using a Lumat LB 9507 (Berthold). Since the measured relative light unit (RLU) values greatly varied for different batches of embryos, we have always calculated the fold-induction ratios by a comparison with luciferase activities obtained after injections of the pGL3 basic vector (set as 1-fold).
